Background and objectives Home dialysis is often recognized as a first-choice therapy for patients initiating dialysis. However, studies comparing clinical outcomes between peritoneal dialysis and home hemodialysis have been very limited.
Introduction
Interest in home dialysis has been intensifying in the nephrology community over recent years (1) . Home dialysis is frequently considered as a first-choice option for patients requiring dialysis therapy (2-5), because it is reported to improve patient autonomy and quality of life while providing equal, if not superior, outcomes compared with facility hemodialysis (HD) (6) (7) (8) (9) (10) (11) . From the socioeconomic perspective, home dialysis limits dialysis-related costs (12) (13) (14) .
Peritoneal dialysis (PD), the most common homebased dialysis modality, has generally been associated with comparable survival with that of facility HD and possibly, superior survival in young, nondiabetic, nonoverweight patients and during the early years after RRT initiation (9, 11, (15) (16) (17) (18) (19) (20) (21) . Similarly, cohort studies have generally reported a survival benefit of home hemodialysis (HHD) compared with facility HD, irrespective of the dialysis regimen used (8, 18, (22) (23) (24) (25) (26) . However, only a few studies have directly compared clinical outcomes of PD and HHD (8, 18, 27) , and none have specifically evaluated patients initiating RRT with a home-based modality.
The aim of this study was to compare the survival of patients on incident HHD with the survival of patients on incident PD in Australia and New Zealand between 2000 and 2012. The secondary objectives were to compare on-treatment survival, composite patient and technique survival, and death-censored technique survival between these two groups.
Materials and Methods

Study Design and Population
This observational cohort study included all adult patients on incident home dialysis in Australia and New Zealand between January 1, 2000 and December 31, 2012. Cohorts were defined by home dialysis modality (PD or HHD) on day 90 after RRT initiation. Patients ,18 years old and those with ,90 days of RRT therapy were excluded. Data were prospectively collected from each dialysis center and transmitted to the Australia and New Zealand Dialysis and Transplant (ANZDATA) Registry.
Exposure Assessment
PD was defined by treatment with continuous ambulatory PD or automated PD. HHD included all forms of HD performed in a home setting (conventional, long, frequent, or long/frequent sessions). Conventional HD machines were used to provide HHD treatments. Most Australian and New Zealand centers allow patients on HHD to dialyze without a helper. Units followed the small solute clearance targets recommended by the Caring for Australasians with Renal Impairment guidelines for PD (28) and HD (29) .
Outcomes Assessment
The primary outcome was patient survival. Patients were followed until death without consideration of a switch in dialysis modality. In all analyses, data were censored at the time of kidney transplantation, loss to follow-up, kidney function recovery, and the end of the study (December 31, 2012). Follow-up time started at day 90 after RRT initiation.
Secondary outcomes included (1) on-treatment survival, (2) composite patient and technique survival, and (3) death-censored technique survival. On-treatment survival was defined by any death occurring with the initial home dialysis modality and up to 90 days after a switch from this modality (30) . Patients were censored at the time of technique failure.
In the composite patient and technique survival assessment, patients were followed until the first occurrence of technique failure or death. Technique failure was defined as $90 days of facility dialysis or the other home modality to allow use of temporary HD, especially among the PD cohort (31) . Any event occurring ,90 days after a switch from the initial home modality was considered to have occurred while the patient was on the initial modality.
For death-censored technique survival analysis, only technique failure was considered a failure event, and data were censored at the time of death.
Covariates Assessment
All baseline characteristics were determined at the time of RRT inception; ,1% of all covariate data were missing, and such patients were excluded from the analyses when applicable. In the main analysis, race was dichotomized as non-Indigenous or Indigenous, and the latter, for the purpose of the study, included Australian Aboriginals, Torres Strait Islanders, Maoris, and Pacific Islanders. Primary renal disease was categorized as GN/autoimmune and other. Late referral was defined as referral to a nephrologist ,3 months before RRT initiation. eGFR (32) was calculated for each patient using creatinine at the time of RRT initiation using the four-variable Modification of Diet in Renal Disease equation without any adjustment for racial minorities considering the racial distribution in Australia and New Zealand (32, 33) .
Statistical Analyses
Survival times were analyzed with the Kaplan-Meier product limit method and compared between PD and HHD cohorts using the log-rank test.
Adjusted analyses were performed with three prespecified statistical approaches: (1) multivariable Cox proportional hazards model (main model), (2) propensity score (PS) Cox model with PS quintiles stratification, and (3) PSmatching Cox model.
Multivariable Models
The main analysis was performed with a multivariable Cox proportional hazards regression model (34) . Multivariable Cox models were constructed using all of the covariates listed in Table 1 . The following variables were prespecified as potential confounders and forced into the model: age, sex, race, diabetes, and primary kidney disease. Other potential confounders were removed when their exclusion did not appreciably change (,5%) the hazard ratio (HR) of dialysis modality compared with the complete model (35) . The final model was on the basis of variables selected a priori, biologic plausibility, statistical significance, and our aim to select a parsimonious model, and it included age, sex, race, diabetes, primary renal disease, ischemic heart disease, peripheral vascular disease, and late referral. The proportional hazards assumption was visually assessed with log-minus-log plots, observed (Kaplan-Meier) and predicted (Cox) graphs, and plotting of Schoenfeld residuals.
Prespecified two-way interactions were tested between dialysis modality and the following covariates: age, race, diabetes, and primary kidney disease. Interaction effects were assessed with likelihood ratio. Where an interaction was statistically significant (P values ,0.05), subgroup analyses were performed. A time-varying effect of dialysis modality on outcomes was also assessed with the likelihood ratio test.
PS Models
Because the number of covariates in the main model was limited, the results were validated with two PS approaches (36) . The dialysis modality at 90 days was predicted with a logistic regression model that estimated treatment assignment with all of the covariates listed in Table 1 . Race was collapsed into three groups (white, Asian, and Indigenous/other). All two-way interactions involving age, race, diabetes mellitus, and primary kidney disease with other covariates were evaluated and included in the final logistic regression model when significant. The final logistic regression model included the covariates in Table 1 and the following interaction terms: age by sex, age by ischemic heart disease, race by body mass index, race by peripheral vascular disease, diabetes by body mass index, and diabetes by era. The PS obtained from this logistic regression model was evaluated with a receiver-operating curve (area under curve =0.84) and for covariate balance within quintiles of PS.
Survival times were analyzed using Cox proportional hazards models with dialysis modality as the exposure variable and stratification for PS quintiles. Finally, the continuous PS was used to perform 1:1 nearest neighbor matching without replacement (37) . Survival times for the matched dialysis modality groups were compared using Cox proportional hazards models with robust SEMs. Standardized differences before and after matching were calculated (Supplemental Figure 2 ).
Sensitivity Analyses
Fine and Gray (38) competing risk survival models were performed with the covariates included in the main model and transplantation as the competing event. Death-censored technique failure was evaluated in a specific model with death, and transplantation was considered as a composite competing event. In a second sensitivity analysis, the definition of technique failure and the lag period after a modality switch, during which time events were attributed to the initial PD/HHD modality, were changed to 30 days (instead of 90 days for each in the main analysis). A third sensitivity analysis compared survival outcomes starting from the initiation of home dialysis training, whenever this training was initiated during the first 90 days of RRT. A fourth sensitivity model compared primary and secondary outcomes with an adjustment for the proportion of patients treated with PD (10%-40%) or HHD (2.5%-16%) in each Australian state and New Zealand. A fifth sensitivity model restricted the study cohort to patients treated with home dialysis for at least 60 days.
All statistical analyses were performed using Stata IC software (version 12.1; StataCorp, College Station, TX). A two-tailed P value ,0.05 was considered statistically significant.
Results
The study included 11,416 patients on incident home dialysis at 90 days after RRT initiation. Of these, 10,710 patients received PD, and 706 patients received HHD (Supplemental Figure 1) . Baseline characteristics stratified by dialysis modality are displayed in Table 1 . Overall, patients treated with HHD were younger and healthier than patients treated with PD. Baseline characteristics of (24) 141 (20) Data are presented as numbers (percentiles) or medians (interquartile ranges).
patients included in the PS-matched cohort are presented in Supplemental Table 1 .
Patient Survival
In total, 5056 events were observed in the primary analysis, with 4970 and 86 deaths in the PD and HHD cohorts, respectively. Patients with HHD had a significantly lower mortality in the unadjusted analysis (HR, 0.25; 95% confidence interval [95% CI], 0.21 to 0.32), with 1-, 2-, and 5-year survival rates of 98%, 95%, and 85%, respectively, in the HHD cohort compared with 89%, 76%, and 44%, respectively, in the PD cohort (log-rank P,0.001). (Figure  1 ). In the multivariable Cox model, the lower risk of death associated with HHD compared with PD was attenuated but still highly significant (HR, 0.47; 95% CI, 0.38 to 0.59). Similar results were found in the PS quintile-stratified (HR, 0.48; 95% CI, 0.39 to 0.60) and PS-matching (HR, 0.48; 95% CI, 0.37 to 0.62) models ( Figure 2 .
Secondary Outcomes
Unadjusted mortality on home dialysis therapy (censored for technique failure) was significantly lower in the HHD cohort compared with the PD cohort (unadjusted HR, 0.17; 95% CI, 0.13 to 0.22), with 1-, 2-, and 5-year survival rates of 98%, 96%, and 87% versus 89%, 75%, and 39%, respectively, in the HHD and PD cohorts (log-rank P,0.001) (Figure 3 ). This association was also seen in the multivariable Cox proportional hazard model (HR, 0.34; 95% CI, 0.26 to 0.45) and the PS models ( Table 3) .
The composite risk for death or technique failure was significantly lower in the HHD group compared with the PD group (unadjusted HR, 0.26; 95% CI, 0.23 to 0.31; adjusted HR, 0.34; 95% CI, 0.29 to 0.40). Similar HRs were obtained with the PS models ( Table 3) .
The assessment of death-censored technique survival provided similar results, with lower unadjusted (HR, 0.37; 95% CI, 0.30 to 0.44) and adjusted (HR, 0.34; 95% CI, 0.28 to 0.41) mortality rates in the HHD cohort compared with the PD cohort. Analyses for subgroups formed by age, race, and diabetes status are displayed in Figure 2 . Overall, the positive association between HHD and technique survival was attenuated in older age categories and for Indigenous patients and patients with diabetes (Supplemental Table 6 ).
Sensitivity Analyses
Evaluation of study outcomes with a competing risk approach provided similar results. There were 86 deaths, 345 transplantations, and 275 other censoring events in the HHD cohort and 4970 deaths, 2088 transplantations, and 3651 other censoring events in the PD cohort. For the primary outcome and with transplantation as a competing risk event, the HR for death was 0.42 (95% CI, 0.34 to 0.52) in favor of the HHD group. The HRs for death on a specific dialysis modality and the composite of death and technique failure in the competing risk model were 0.33 (95% CI, 0.25 to 0.43) and 0.34 (95% CI, 0.29 to 0.40), respectively. In the evaluation of death-censored technique survival with death and transplantation as competing events, the protective association between HHD and technique survival was preserved (HR, 0.40; 95% CI, 0.33 to 0.48), and the interaction between age and modality persisted. Adjusted cumulative hazard curves of this model for subgroups on the basis of cross-classification of modality and age groups are displayed in Figure 4 .
When the definitions of technique failure and the lag time after a modality switch were changed to 30 days (instead of 90 days), the direction and effect estimate of all outcomes remained consistent with the original analyses (Supplemental Table 2 ).
Finally, the separate comparison of the study's primary and secondary outcomes in models (1) using the initiation of home dialysis training as the starting point, (2) adjusting for the proportion of PD and HHD in each Australian state and New Zealand, and (3) restricted to a cohort of patients with $60 days of home dialysis provided results consistent with those in the main models (Supplemental Tables 3-5) .
Discussion
In this registry study of patients on incident home dialysis, HHD was associated with superior overall patient survival, on-treatment survival, composite (patient and technique) survival, and death-censored technique survival compared with PD. These observed associations were robust across three different statistical approaches. To our knowledge, this is the first evaluation of HHD and PD outcomes in patients on incident RRT.
A previous ANZDATA Study using marginal structural models showed a significant survival benefit of HHD compared with conventional facility HD performed with either a conventional or a frequent/extended schedule. This study further described a small but significant increase in mortality among patients on PD compared with conventional facility HD. However, no direct comparison between PD and HHD was performed (18) . Similarly, a recent study from New Zealand modeled the time-varying effect on survival of home dialysis compared with facility HD (8) . Overall, ontreatment survival was higher with HHD (HR, 0.48; 95% CI, 0.41 to 0.56) and similar with PD (HR, 0.98; 95% CI, 0.90 to 1.06) compared with facility HD. However, this study was limited by the inclusion of prevalent patients, leading to possible survivor bias given that many patients on HHD receive sustained facility HD treatment before transitioning to HHD (27, 39) .
A cohort study from England and Wales also reported a survival advantage of HHD over PD (HR, 0.61; 95% CI, 0.40 to 0.93) (27) . However, patients on PD included in this study were treated with PD on day 90 after RRT initiation, whereas patients included in the HHD cohort were patients on prevalent RRT (but incident HHD). This difference potentially limited the conclusions that could be drawn. Another recent study including prevalent American patients on home dialysis reported increased technique failure among patients on PD compared with patients on daily HHD (HR, 3.4; 95% CI, 2.9 to 4.0) (40) . Although limited by the prevalent nature of the cohort and the specificities of American dialysis technologies, these results are similar to those obtained in this study.
The survival advantage associated with HHD in this study as well as previous investigations (8, 18, 27) may have been potentially explained by improved volume control and solute clearance. Nonrandomized studies have shown higher survival in patients treated with HHD compared with conventional facility HD (18, (22) (23) (24) (25) (26) . Improvements in cardiac geometry (10, 41, 42) , BP (10, 43) , and mineral metabolism (10, 42) have also been reported in randomized trials comparing HHD with facility HD. Although none of these studies used PD as a comparison group, it is plausible that some of the known benefits of HHD over facility HD also apply when comparing HHD with PD. Indeed, although PD allows constant ultrafiltration, total fluid removal can sometimes be limited and possibly, lead to hypervolemia and hypertension (44) (45) (46) (47) . Comparison of clearance quality between PD and HD is limited, although it seems reasonable to postulate that patients treated with long or long/frequent HHD receive a higher dialysis dose than most patients on PD. Although the benefit of a higher dialysis dose is debatable (10, 48, 49) , a difference in dialysis dose may have played a role in the results of this study.
Alternatively, the differential survival of patients on HHD or PD may have resulted from indication bias with residual confounding. Fundamental differences between patients choosing PD or HHD have been well described in the literature (39) . Patients treated with HHD tend to be younger, have less comorbidity, and have different etiologies of primary kidney disease (8, 18, 27, 39) . They are also less likely to have late nephrology referral, another factor associated with poor clinical outcomes (50) (51) (52) . Although the previous factors can be addressed by statistical adjustment, other components, such as commitment to dialysis treatment, education level, psychologic skills, social support, and economic status, are much harder to account for, especially in a registry analysis. Although PD and HHD both require a certain degree of autonomy and commitment, the relative complexity of HHD demands higher levels of empowerment, which might have accounted for the relatively small proportion of patients on HHD in this study and the problems encountered with patient recruitment in previous HHD trials (53) . Nephrologists are also known to have a major influence over a patient's choice of modality, and their own opinions toward PD and HHD can contribute to differences in PD and HHD cohorts (3, (54) (55) (56) . Thus, the survival advantage associated with HHD in this incident cohort could be related to unmeasured differences in patients treated with PD and HHD rather than the treatment itself.
In this investigation, the association between HHD and technique survival was more important among younger patients than older patients. Interestingly, this interaction revealed a poorer PD technique survival in younger patients than older ones, even after adjustment for other covariates and taking into account transplantation and death in a competing risk model. This observation may be potentially explained by a higher rate of kidney transplantation in younger patients as well as a lower threshold to transfer to HD in the case of potential or actual PD complications.
The strengths of this study included its large sample size and multicenter design, which greatly enhanced its external validity. All patients on incident HHD and PD at all centers in Australia and New Zealand (two countries with a very high prevalence of home dialysis) were included. This study was also the first to evaluate HHD and PD outcomes among patients on incident RRT, thereby mitigating the effect of Neyman (selective survival) bias (57) . The consistency of results across a range of statistical methodologies, including multivariable adjustment, PS, and competing risk analyses, supported the internal validity of the findings.
These strengths should be balanced against the study's limitations, the main ones being the potential for indication bias and residual confounding. Another limitation was the constrained depth of data collection by the ANZDATA Registry, such that important patient characteristics (education level, psychologic skills, social support, and treatment adherence) that may have confounded the relationship between home dialysis modality and outcomes were not collected. Laboratory measures, except for eGFR, could not be incorporated in the analysis. Furthermore, different PD modalities were not evaluated because of frequent shifts between them and the fact that these modalities have previously been associated with similar outcomes (58, 59) . Similarly, specific HHD treatment schedules were not examined because of power issues and inconsistency in classification over the study period. However, previous ANZDATA studies reported similar outcomes with intensive and conventional HHD, with both being superior to conventional facility HD (18) . It should also be acknowledged that a large proportion of patients on HHD in a previous study received 5 hours three times per week (considered standard treatment in Australia and New Zealand), which is more than in many other countries (60) . Importantly, this study did not assess the outcomes of patients initiated on home dialysis after .90 days of RRT, which is a situation more frequently encountered among patients treated with HHD than PD (18) . Although the study design allowed for the evaluation of incident cohorts (thereby mitigating immortal bias), it may not be representative of overall HHD cohorts, and the study results should not be extrapolated to prevalent home dialysis cohorts. Finally, the findings of this study might not apply to other countries with less experience in A B C D Figure 2 . | Subgroup analyses for primary and secondary outcomes. Hazard ratios for home hemodialysis relative to peritoneal dialysis (adjusted in multivariable models) by age group, race, and diabetes status for (A) overall mortality, (B) on-treatment mortality, (C) composite of mortality and technique failure, and (D) technique failure only. *P value for interaction ,0.05. home dialysis or different home dialysis practices and technologies.
In conclusion, treatment with HHD on day 90 after RRT initiation was associated with a 2-fold higher survival compared with treatment with PD. Whether this advantage is because of the dialysis treatment itself or related to intrinsic patient differences remains uncertain. Other variables in the multivariable model: age, sex, race (Indigenous/other), primary kidney disease (GN/other), diabetes, ischemic heart disease, peripheral vascular disease, and late referral (,3 months). PS, propensity score; HR, hazard ratio; 95% CI, 95% confidence interval. a Significant interactions with race3modality. Stratified models are shown in Figure 3 . b Significant interactions with age3modality, race3modality, and diabetes3modality. Stratified models are shown in Figure 2 .
